In this Letter, a novel Fourier transform-based iterative method is proposed to reconstruct a refractive index distribution in an object directly from measured differential phase shifts. This reconstruction method offers distinct advantages over the analytic method in cases of noisy and/or few-view data, since the iterative scheme can easily incorporate compressive sensing and maximum likelihood techniques to achieve high image quality. Numerical simulation and biological sample experiments demonstrate the merits of the proposed approach.
Biological soft tissues encountered in clinical and preclinical imaging mainly consists of light element atoms, such as hydrogen, carbon, nitrogen and oxygen, and their elemental composition is nearly uniform with little density variation. The conventional attenuation-contrast imaging cannot offer a sufficient contrast for soft tissues at hard x-ray energy levels. By contrast, the x-ray phase shift cross section is about one thousand times larger than that of x-ray attenuation for soft tissues over the diagnostic energy range, which implies that phase-contrast imaging has much higher sensitivity than attenuationcontrast imaging and can reveal subtle structural features in soft tissues [1, 2] .
Momose et al. in [2] first proposed an x-ray Talbot interferometer for phase imaging, which consisted of a phase transmission grating and an absorption transmission grating made by gold stripes on glass plates. This work has been also extended for 3D phase-contrast tomographic imaging based on the Talbot interferometer [3, 4] . Recently, three-grating interferometer with low-brilliance x-ray tubes has been successfully applied for phasecontrast imaging [5] . It is exciting that phase-contrast imaging can be efficiently performed with a conventional x-ray source, allowing widespread applications in biomedical imaging, industrial nondestructive testing, or security screening. In the Talbot interferometer imaging, moiré patterns are acquired using the fringe-scanning method. When one of the gratings is scanned along the transverse direction, the recorded individual intensity images are used to efficiently extract the differential phase shift caused by an object at each projection view [2] [3] [4] [5] . Diffraction enhanced imaging (DEI) is another effective phasecontrast imaging method in the biomedical fields. When an x-ray beam passes through a sample, the angular deviation from its original direction would be caused by the different refractive indices of matters. An analyzer crystal placed downstream of the sample produces refractionangle images, which reflect gradient variations of the refractive indices in the sample [6] .
The aim of differential phase-contrast tomography is to reconstruct a spatial distribution of the refractive indices in an object from the measured directionalderivative projection data. The reconstruction problem of directional-derivative projection data has been studied for years. Pavlov et al. in [7] proposed that the phase shift could be recovered from its differential data using a cubic spline interpolation, and then the refractive indices were reconstructed using the filtered backprojection (FBP) method. Maksimenko et al. in [8] proposed that the gradients of the refractive indices could be first reconstructed, and then the refractive indices were recovered using an integration method. This type of integration method is sensitive to noise and would generate strong streak noises in a reconstructed image [9] . Faris et al in [10] first proposed an analytic filtered backprojection (FBP) method for beam-deflection optical tomography using directional-derivative projection data. FBP is a computationally efficient method and has proved to be extremely accurate and amenable to fast implementation. Recently, this method was also developed for x-ray differential phase-contrast tomography [11] [12] [13] . Being complementary to analytic methods, iterative methods can offer distinct advantages over the analytic method in cases of noisy and few-view data. It can incorporate a priori knowledge to improve the reconstruction, also take into account the statistical nature of photon detection and have better noise tolerance [14] . Recently, Köhler et al. [15] proposed an iterative method for differential phase-contrast tomography, which used KaiserBessel window functions (blobs) as the basis functions to represent an image. However, the Kaiser-Bessel-based method would be at a high computational cost due to the complexity of Bessel functions. Moreover, the KaiserBessel function needs three parameters to describe the shape of a blob, which would significantly influence the reconstruction. In this Letter, we present a novel Fourier transform-based iterative method to perform xray phase-contrast tomographic imaging directly from differential phase shifts, and perform numerical simulation and biological sample experiments to evaluate this approach.
The x-ray-object interaction would deform the wavefront of x-ray propagation because of phase changes of the x-ray wave. The amount of the phase change is determined by the refractive indices of the object. An object is characterized by its complex-valued x-ray refractive index distribution n 1 − δ iβ, where the parameter δ characterizes the x-ray phase shift, and β is related to attenuation of the x ray. After x-ray passing through an object, the attenuation β and phase shift δ are projections through a complex refractive index distribution [16] . Hence, the phase shift Φs; θ can be expressed as a projection of the refractive indices along with the x-ray beam direction:
where λ is the x-ray wavelength, θ is a directional vector of the x-ray beam at a projection angle φ, and θ cos φ; sin φ. Equation (1) can be discretized into a linear system of equations for each projection view using popular pixel basis function approaches [14] :
where b θ is a vector discretized from the phase shift Φs; θ, A θ is a system matrix at a projection angle φ, which accounts for the imaging geometry, and δ is a discretized refractive index distribution to be reconstructed. Furthermore, performing discrete Fourier transforms for the columns of matrix A θ and b θ , respectively, we have
where F A θ is a matrix which consists of the discrete Fourier transform of column vectors of A θ , and F b θ is the discrete Fourier transform of vector b θ . In terms of the Fourier transform derivative theorem [14] , we have
From Eqs. (3) and (4), we obtain the following linear system of equations:
where m θ is the discrete Fourier transform of the measured differential phase shifts ∂ s Φs; θ. The system matrix in Eq. (5) can be established using fast Fourier transform (FFT), having a high computational efficiency. The iterative algorithm can be performed on the fly for each projection view to save memory. Equation (5) is a linear system of equations with respect to refractive indices δ and can be solved using classical iterative methods, such as the algebraic reconstruction technique (ART) [14] . Especially the compressive sensing techniques can be applied to realize high quality image reconstruction from far less measurements than that required by Nyquist sampling, and can achieve a significant reduction of radiation dose. A numerical phantom was designed to evaluate the proposed approach. It consisted of 21 disks with different sizes. Every disk was assigned with different refractive index in the range of biological tissues, as shown in Fig. 1(a) . The refractive index image was discretized by a 256 × 256 matrix. We adopted a parallel-beam imaging geometry for the grating interferometer imaging mode, and equiangularly acquired 80 projections over an 180°r ange. On each projection there were 368 channel analyzers to detect the phase shift data. The phase shift was numerically computed through Eq. (1). The differential phase shift was computed using the numerical method from the projection data of the refractive indices in the phantom, and corrupted by Gaussian noise of 20 dB to mimic real measurement condition. The corresponding differential phase-contrast sinogram was shown in Fig. 1(b) .
Using ART iteration with total variation regularization based on Eq. (5), we ran 20 iterations to reconstruct the refractive index distribution. The reconstructed image was in good agreement with the true one, as shown in Fig. 2(a) . For comparison between the proposed iterative method and analytic method, we also performed a reconstruction using the adapted FBP method [10] [11] [12] [13] . We observed that the reconstructed image using FBP contained faint streak artifacts near the interface of refractive indices, as shown in Fig. 2(b) . The comparison of representative profiles through the center of the phantom also indicated that the proposed method was more accurate than FBP, as shown in Fig. 3 . We found that the root mean square error (RMSE) of the Fourier-based iterative method was 4.05 × 10 −9 , and FBP method had the RMSE 7.23 × 10 −9 . The further error analysis illustrated a better robustness of the proposed iterative method than FBP in the presence of noise. The computational time of the Fourier-based iterative method for 20 iterations was about 50 minutes on a PC with an Intel Xeon 2.80 GHz CPU, while the FBP only took less than 1 minute in each of our numerical experiments. It is not a surprise that the computational cost of the iterative method is much higher than that of the analytic method. However, the iterative approach can be massively parallelized on graphics processing units (GPU) using the compute unified device architecture (CUDA), and a very significant speed-up of the iterative reconstruction can be achieved.
Using 0.1 nm x rays, a piece sample of rabbit liver with cancer (VX2) was imaged in an x-ray Talbot interferometer, which was arranged at the synchrotron radiation beamline 20XU of SPring-8 in Japan, where high-flux monochromatic x rays had a sufficient spatial coherence [4] . The interference patterns were measured in a fivestep fringe-scan at each angular view of the sample rotation with a step of 0.72°over 180°. Images were recorded on a CCD camera with optical lens and a phosphor screen. The CCD camera consisted of 706 × 706 pixels with an effective pixel size of 4.34 μm. From the recorded individual intensity images, the differential phase shifts were extracted for each projection view. Figure 4 (a) was the reconstructed image at 200th slice using FBP from differential phase shifts of 251 projection views. To evaluate reconstruction algorithm performance with few-view projections, the proposed Fourier transform-based iterative method was performed to reconstruct the refractive index image from differential phase shifts of 83 projection views. We ran 10 ART iterations with total variation regularization, and the reconstructed refractive index image was in good agreement with the reconstructed image via FBP from 251 projection views, as shown in Figs. 4(a) and 4(b) . The FBP method was also used for the reconstruction from the differential phase shifts of 83 views. As a result, the reconstructed image contained much noise and artifacts, as shown in Fig. 4(c) . The experiments indicated that the proposed iterative method had better performance than the analytic method in few-view reconstruction.
In summary, we have proposed a Fourier transformbased iterative method to reconstruct the x-ray refractive index distribution of an object directly from differential phase data. This reconstruction method offers distinct advantages over the analytic method in cases of noisy and few-view data. The iterative methods can incorporate a priori knowledge, and account for photon statistics much more easily than the analytic counterpart. The iterative scheme can be combined with modern compressive sensing techniques to realize high quality image reconstruction from far less measurements than that required by Nyquist sampling and achieve a significant reduction of radiation dose. The numerical simulations and biological sample experiments have demonstrated that the proposed method can accurately reconstruct an x-ray refractive index distribution and is robust against measurement noise or from few-view data. To our knowledge, it is the first application of a biological specimen using the iterative phase-contrast reconstruction method. It is expected that this new method will find more biomedical applications. 
